ABSTRACT This study evaluated the effects of crystalline arginine (Arg) on performance and body composition in male broilers. A total of 600 1-day-old Ross 308 broilers were distributed in a completely randomized design, with 5 treatments and 6 replicates of 20 birds. The treatments were given as a percentage of the Ross 308 requirement, and defined as 70, 80, 90, 100 (Ross 308 requirement), and 110% of Arg. Body weight gain (BWG), feed intake (FI), and feed conversion ratio (FCR) were evaluated at 10, 24, and 42 d. Bone growth was measured from 7 to 11 d using mineral apposition rate (MAR) technique. At 42 d, 2 birds per pen were euthanized for bone mineral density (BMD) and body composition measurement using dual-energy X-ray absorptiometry, and liver gene expression and muscle diameter size analysis. The means were subjected to ANOVA and, when significant (P ≤ 0.05), were compared by Dunnett's test. Regression analyses were performed to evaluate trends of Arg dose response. Birds fed 70 and 80% of Arg had lower BWG than the ones fed 100% of Arg (P < 0.001), with quadratic effects for all phases (P < 0.001, R 2 = 0.94). The 70% of Arg group showed lower FI compared to 100% from 11 to 24 d and 1 to 42 d (P < 0.009), with quadratic and linear effects (P < 0.049, R 2 > 0.72), respectively. The 70% of Arg group showed higher FCR compared to 100% (P < 0.0001) with quadratic effects (P < 0.002, R 2 > 0.94) for all periods. At 42 d, the 70% of Arg group showed lower BMD, tissue, and lean muscle percentage than 100% of Arg. There was a quadratic effect of Arg levels on lean muscle (P = 0.046, R 2 = 0.89). Therefore, the dietary supplementation with Arg is necessary as it leads to an overall body growth with increased lean deposition and BMD, without increasing fat accretion in Ross 308 broiler chickens
INTRODUCTION
Arginine (Arg) is an essential amino acid for birds . Poultry are highly dependent on Arg dietary supply, as they are incapable of its synthesis de novo due to the lack and low activity of the key enzymes, carbamoyl phosphate synthase I, hepatic arginase, and ornithine carbamoyl-transferase in the urea cycle (Fouad et al., 2013) . Since the formation of uric acid is not Arg dependent, the dietary Arg in chicks is primarily used for synthesis of protein and as a precursor of molecules such as creatine, nitric oxide, glutamate, polyamines, proline, and glutamine (Ball et al., 2007; Khajali and Wideman, 2010) . Arginine also acts as a secretagogue, stimulating the release of growth hormone (GH), insulin, and insulin-like growth factor (IGF) in the bloodstream (Silva et al., 2012) .
Several studies in different species have demonstrated that Arg can influence positively desirable performance traits, such as body weight, carcass yield, and reduced fat deposition (Jobgen et al., 2008; Tan et al., 2009; Wu et al., 2011; Fouad et al., 2013) . Arginine influences bone development by its involvement with the formation of collagen and connective tissue (Corzo et al., 2003) and through GH. Growth hormone acts on the growth of epiphyseal growth plate directly and indirectly, through IGF-1, by activating chondrocyte proliferation and differentiation (Liu and LeRoith, 1999) . Additionally, IGF is responsible for inducing the proliferation and differentiation of satellite cells (Florini et al., 1996) and increasing the skeletal muscle by stimulating protein synthesis or reducing protein degradation (Tomas et al., 1998; Conlon and Kita, 2002) . Moreover, by increasing the production of Nitric oxide (NO), Arg may regulate nutrient partitioning and favorably reduce whole-body fat accretion in mammals and decrease the activity of hepatic lipogenic enzymes in ducks (Tan et al., 2009; Wu et al., 2011) . Therefore, Arg plays an important role in multiple physiological functions in poultry.
However, low attention has been directed to Arg in comparison to other amino acids in commercial feed formulations for broilers. Frequently, only the feed-grade amino acids, such as Lysine (Lys), Methionine (Met), and Threonine (Thr), are present in the ingredient matrix software that considers the least-cost feed formulation used by the poultry industry, mainly because it is yet to determine whether the benefits of Arg supplementation overcome its costs (Kidd et al., 2013) . For this reason, the aim of this study was to evaluate the effect of different levels of Arg supplementation on performance, abdominal fat deposition, bone quality, and muscle development in broilers and to determine the best level of Arg for each analyzed trait.
MATERIALS AND METHODS

General Procedures
The experiment was conducted under the approval of the Institutional Animal Care and Use Committee of University of Georgia (Athens, GA). A total of 600 1-day-old male Ross 308 broiler chicks were distributed in a completely randomized design with 5 dietary treatments and 6 replicates of 20 birds each. The chicks were allocated to 30 identical floor pens (121.9 cm × 152.4 cm) covered with wood shavings and equipped with 3 nipple drinkers and 1 feeder, providing free access to water and feed from 1 to 42 d of age. Temperature and lighting program followed the recommendation of Ross Broiler Management Handbook (Aviagen, 2014a) .
The diets were based on corn and soybean meal and formulated to reach the Ross 308 Nutrition Specifications (Aviagen, 2014b) for starter (1 to 10 d), grower (11 to 24 d), and finisher (25 to 42 d) periods (Table 1) . The Arg treatments were defined as a percentage (70, 80, 90, 100 , and 110%) of the total Arg levels recommended by Ross 308 Broiler Nutrition Specifications (Aviagen, 2014b) , which are 1.52, 1.37, and 1.22% of Arg for the starter, grower, and finisher phases, respectively. Arginine:Lysine ratio was kept the same between the raring periods within the treatments, and was 0.74, 0.85, 0.95, 1.06, and 1.16 for 70, 80, 90, 100, and 110% of Arg, respectively. The dietary levels were obtained by adding L-Arg to the basal diet as a replacement of the inert component (sand), and crude protein level was kept constant for all diets using glutamine to balance it. The levels recommended by Ross 308 (100% of Arg) for each phase were considered as the control group.
The birds and feed were weighed, by pen, at 10, 24, and 42 d of the experiment, to determine body weight gain (BWG), feed intake (FI), and feed conversion ratio (FCR). Mortality was recorded daily. One bird per pen was used to determine bone growth from 7 to 11 d of age using mineral apposition rate (MAR) technique with calcein. At day 42, 2 birds per repetition were selected from a range of ±10% the pen average body weight and euthanized by cervical dislocation. Abdominal fat around cloaca, bursa of Fabricius, gizzard, and proventriculus were removed, weighed, and used to calculate fat weight relative to the body weight. Liver and pectoralis major samples were collected from one of the birds for gene expression analysis and measurement of muscle fiber diameter, respectively. The second bird was subjected to whole body scan using dual-energy X-ray absorptiometry (DXA, Prodigy, GE Healthcare, Chicago, IL) to determine body composition.
Bone Growth Analysis
For MAR measurement, 20 mg/kg of calcein (SigmaAldrich, St. Louis, MO) was injected subcutaneously at day 7 and 11. At day 14, the birds were euthanized, and right tibiae were removed, cleaned from the adherent tissue, and fixed in 75% ethanol. A bone section of approximately 0.5 mm was cut from the middle part of the diaphysis and put on glass slides. Images were captured under fluorescent light (Olympus IX71, Tokyo, Japan). Eight pictures were taken from each slide (with a ×10 eyepiece and a ×10 objective), and the distance between the first and the second calcein labels was measured to determine the MAR using a software that analyzes digital images (Image Processing and Analysis in JavaImageJ 1.50i, National Institutes of Health).
Muscle Fiber Diameter Measurement
A portion of pectoralis major muscle was obtained using a biopsy punch (10 mm of diameter) and fixed in 10% neutral-buffered formalin until processed. The samples were dehydrated in increasing ethanol concentrations, diaphanized in xylene, and embedded in paraffin to obtain 5 μm thick serial sections, which were stained with hematoxylin-eosin for measurement of muscle fiber diameter. Images were captured using a light microscope (Olympus IX71) and analyzed using ImageJ (Image Processing and Analysis in Java -ImageJ 1.50i, National Institutes of Health). Ten pictures were taken from each sample (with a ×10 eyepiece and a ×10 objective) and 20 fibers per picture were measured using the lesser diameter method, totaling 200 fibers per bird and 1,600 fibers/treatment.
Gene Expression Analysis
Liver samples were used to analyze the expression of fatty acid synthase (FAS), lipoprotein lipase (LPL), nitric oxide synthase 2 (NOS2), and peroxisome proliferator-activated receptor gamma (PPAR-γ) genes using quantitative reverse-transcriptase polymerase chain reaction (qRT-PCR). Total RNA was extracted from the tissue using QIAzol R Lysis Reagent (Qiagen, Germantown, MD) according to the manufacturer's instruction. The RNA quantity and purity were determined using a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific, Pittsburgh, PA). The cDNA was synthesized from total RNA (2 mg) using high-capacity cDNA reverse transcription kits (Thermo Fisher Scientific, Waltham, MA) and was diluted to 10 ng/μl for qRT-PCR analysis. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was chosen as a reference gene. The forward and reverse primers for the genes are shown in 
Statistical Analysis
Data were first tested for homogeneity of variances and normality of studentized residuals. Then, 1-way ANOVA was performed, and, in case of significant differences, the treatments were compared with 100% of Arg, set as the control, by Dunnett's t-test. Additionally, linear and quadratic regression models were performed for each variable against the dietary Arg levels. All statistical procedures were performed using SAS software (SAS Institute, 2011). Statements of significance were based on P ≤ 0.05.
RESULTS
The BWG of birds fed 70% of Arg was lower than the ones fed 100% of Arg, from 1 to 10 d (P = 0.0002) ( Table 3) . During the other phases and the overall period, both 70 and 80% of Arg resulted in lower BWG when compared to birds fed 100% of Arg (P < 0.001). A quadratic effect (P < 0.001, R 2 > 0.94) of Arg levels on this trait was found during all phases and the overall period (Figure 1a-d) . The calculated Arg levels for maximum BWG from 1 to 10, 11 to 24, and 25 to 42 d were 1.43 (93.82% of the Ross 308 Arg requirement), 1.34 (97.81%), and 1.24% (101.33%) of Arg, respectively, and from 1 to 42 d the recommended inclusion level of Arg is of 99.68% of Ross 308 requirement. The treatment with 70% of Arg had a lower FI when compared to the control group (100% of Arg) from 11 to 24 d and the overall period (P < 0.009) ( Table 3) . A quadratic effect of Arg levels on FI was observed from 11 to 24 d (P = 0.003, R 2 = 0.81) with maximum FI at 1.33% of Arg, and a linear effect from 1 to 42 d (P = 0.049, R 2 = 0.72) (Figure 2a and b) . From 1 to 10 d, both 70 and 80% of Arg groups showed a higher FCR compared to the control group, and from this phase on, only the 70% of Arg group differed from 100% (P < 0.001) (Table 3) . Additionally, during all analyzed periods, there was a quadratic effect (P < 0.002, R 2 > 0.94) of levels of Arg on FCR, with the minimum FCR at 1.54 (101.5% of the Ross 308 Arg requirement), 1.35 (98.43%), and 1.21% (99.04%) of Arg, respectively (Figure 3a-c) , and, considering the overall period, 98.27% of the Ross 308 Arg recommendation ( Figure   3d ). Abdominal fat was not different between the treatments nor showed any linear or quadratic trend across Arg levels at 42 d (P = 0.191). Broilers fed with 90 and 110% of the Arg requirement did not differ from the ones fed the control diet for any of the performance variables analyzed (Table 3) .
At 42 d, the 70% of Arg group showed significantly worse results of bone mineral density (BMD), tissue, and lean muscle when compared to the control group (Table 4 ). There was a quadratic effect of Arg levels on lean muscle (P = 0.046, R 2 = 0.89), with the Arg level calculated for maximum lean muscle equal to 100.39% of Arg during the whole period (Figure 3e) . Fat, MAR, muscle fiber diameter, and the expression of FAS, LPL, NOS2, and PPAR-γ were not affected (P > 0.05) by the different levels of Arg (Tables 4  and 5 ).
DISCUSSION
The use of 70 and 80% of Arg resulted in lower BWG when compared to the control group (100% of Arg), and Table 4 . Means and estimates of tissue, fat, lean, muscle fiber diameter (MFD), bone mineral density (BMD), and mineral apposition rate (MAR) and according to arginine levels at 42 d of age. 1 70, 80, 90, 100, and 110% of arginine, for starter, grower and finisher phases, are correspondent to 1.06/0.96/0.85%; 1.22/1.10/0.98%; 1.37/1.23/1.10%; 1.52/1.37/1.22%; 1.67/1.51/1.34% of arginine, respectively.
* Means differ from 100% of arginine (1.52, 1.37, and 1.22% of Arg for starter, grower, and finisher, respectively) by Dunnett's test (P ≤ 0.05). NS -Not significant. NA -Not applicable. N = 6. a quadratic effect of Arg levels was found for this variable. Additionally, 70% of Arg also resulted in lower FI and, consequently, higher FCR comparatively to 100% of Arg. Dietary Arg deficiency reduces appetite thus decreasing growth in pigs, broiler chickens, and ducks (Southern and Baker, 1983; Wang et al., 2014) , which is in accordance with the results found in this experiment. The mechanism by which this consumption reduction occurs was not yet elucidated (Wang et al., 2014) . We found an increase of 27% in both tissue and lean muscle weights measured by DXA scanning when comparing broilers fed 100% of the Arg requirement with the ones fed 70% of Arg. However, the measurement of pectoralis major fiber diameter was not different between the treatments. According to Mitchell et al. (1997) and Swennen et al. (2004) , DXA measurement of lean mass in chicken is found to be highly correlated with total body protein (R 2 = 0.90) and total body water (R 2 = 0.93), and can be used to estimate the body composition of chicken with good precision. In the present study, there appeared to be a high individual variation between birds within the same treatment for muscle fiber measurements and MAR determination. The coefficients of variation were approximately 10 and 13%, respectively, which might explain why differences were not found between the treatments for these variables.
There are evidences that the regulation of intracellular protein turnover by Arg favors skeletal muscle gain. Arginine is shown to, directly through GH and indirectly through IGF-1, induce several anabolic effects in the metabolism of skeletal muscles such as the aggregation of myofibrillar protein as a combined effect on the synthesis and degradation of proteins (Duclos, 2005; Jobgen et al., 2008) . Also, Arg plays a role in cell signaling in the muscle tissue (Wu et al., 2011) . In pigs, Arg activates the mTOR cell signaling pathway in skeletal muscle, increasing protein synthesis and overall body growth (Yao et al., 2008) .
Arginine supplementation has been shown effective in the reduction of body fat deposition in several species (Jobgen et al., 2008; Tan et al., 2009; Wu et al., 2011; Fouad et al., 2013) . In the present study, abdominal fat and fat weight from DXA scanning were not different between the dietary treatments, indicating that the animals increased their BWG and skeletal muscle mass without increasing the fat content when supplemented with L-Arg. The lipogenic activity in the liver is mainly responsible for the fat accumulation in adipose tissues, and this is due to either hepatic synthesis of triacylglycerols or assimilation of the ones coming from the diet (Sato et al., 1999) . FAS, LPL, and PPAR-γ are important enzymes and transcription factors present in the liver that are related to lipogenesis. Therefore, the analysis of their gene expression is an important biomarker to assess fat metabolism in chickens (Sato et al., 1999 (Sato et al., , 2004 Fouad et al., 2013) . In our study, we did not find any effect of Arg levels on the gene expression of FAS, LPL, and PPAR-γ in the liver. Contrary to our findings, Wu et al. (2011) and Fouad et al. (2013) concluded that the supplementation with 1.0% of Arg reduced the activity of FAS in ducks and downregulated hepatic FAS gene expression in broiler chickens, respectively, reducing the triglyceride deposition.
In this study, there was an increase in the BMD when Arg was added to the diet; however, the bone growth rate, measured by MAR technique, was not significantly affected by the treatments. BMD is the term used to describe the mineral content in a defined volume of bone and reflects the net change in bone density. The lower BMD found when no Arg was added to the diet (treatment that provided 70% of the Arg requirement) may result from a lower FI, and, consequently, lower mineral intake, as well as result from an increase in resorption and decrease in bone formation due to Arg-GH pathway. Arg stimulates the release of GH and IGF-1 in the bloodstream (Silva et al., 2012) , which act as important modulators of bone metabolism. IGFs are the most abundant growth factors produced by osteoblast cells and stored in bone, and both IGF-1 and GH promote the differentiation of osteoblast precursors in bone marrow, proliferation of osteoblasts, and increase in type I collagen and matrix formation in bones (Olney, 2003) , resulting in increased mineralization.
Therefore, we conclude that the supplementation with L-Arg is necessary in Arg-deficient diets as it leads to an overall body growth with increased lean deposition and BMD, without increasing fat accretion in Ross 308 broiler chickens. The levels recommended in the current study from 1 to 42 d for maximum BWG, lean, and minimum FCR are 99.68, 100.39, and 98.27% of Ross 308 Arg recommendation, respectively.
